The photoanode of dye-sensitized solar cell (DSSC) was fabricated using two-dimensional ZnO nanosheets (2D ZnO NSs) sensitized with beta-substituted porphyrins photosensitizer, and its photovoltaic performance in solid-state DSSC with TiO 2 nanotubes (TiO 2 TNs) modified poly (ethylene oxide) (PEO) polymer electrolyte was studied. The ZnO NSs were synthesized through hydrothermal method and were characterized through high-resolution scanning electron microscopy (HRSEM), diffused reflectance spectra (DRS), photoluminescence spectra (PL), and X-ray diffraction (XRD) analysis. The crystallinity of the polymer electrolytes was investigated using X-ray diffraction analysis. The photovoltaic performance of the beta-substituted porphyrins sensitized solar cells was evaluated under standard AM1.5G simulated illumination (100 mW cm −2 ). The efficiency of energy conversion from solar to electrical due to 2D ZnO NSs based DSSCs is 0.13%, which is about 1.6 times higher than that of the control DSSC using ZnO nanoparticles (ZnO NPs) as photoanode (0.08%), when TiO 2 NTs fillers modified PEO electrolyte was incorporated in the DSSCs. The current-voltage (I-V) and photocurrent-time (I-T) curves proved stable with effective collection of electrons, when the 2D ZnO nanostructured photoanode was introduced in the solid-state DSSC.
Introduction
Dye-sensitized solar cells (DSSCs) represent a key class of cell architecture that has emerged as a promising candidate for the development of next-generation solar cells. It possesses advantage of low cost and ease of fabrication compared to the traditional silicon solar cells. In fact, DSSCs with a power conversion efficiency of over 10% have been achieved using a photoanode of TiO 2 nanocrystalline films sensitized by ruthenium-based dyes [1] [2] [3] , with suitable engineering and optimization of the nanostructure for its optical, electrical, and morphological properties together with light-harvesting characteristics, and so forth. These cells were shown to deliver relatively high power [4, 5] .
ZnO is a wide band gap (3.37 eV) semiconductor which is much used in short wavelength optoelectronic applications, has also been used as photoanode materials in DSSCs due to its high charge carrier (electron) mobility, transparent to visible light, and can be made highly conductive by doping and more flexibility in synthesis and also due to its advantageous morphology in comparison with TiO 2 [6] .
The nanoporous dye-sensitized ZnO films have shown that ultrafast electron injection takes place from the dye into the conduction band of ZnO particles [7, 8] . The photoanode fabricated from semiconductor materials need to provide, in addition to a wide band gap and high charge carrier mobility, high surface area for efficient dye sensitization and light harvesting, which can only be achieved by a nanostructured electrode. ZnO is a versatile functional material having a diverse group of growth morphologies, such as nanocombs, nanorings, nanohelixes, nanosprings, nanobelts, nanowires and nanocages. Besides the conventional one-dimensional (1D) nanorods, nanowires and nanotubes, a diversity of 2D nanomaterials of ZnO such as nanodisks, nanosheets, nanoplates and nanofilms have emerged recently [9, 10] . Therefore, ZnO seems to be a promising material for solar cell and has the advantage of easy synthesis of controlled nanostructures over other metal oxides [11] . ZnO arrays of 1D nanostructures, such as nanowires and nanotubes, have been widely utilized to significantly enhance the electron transport velocity within the photoanode. This enhancement is achieved by providing a direct conduction pathway for the rapid collection of photogenerated electrons, which reduce the number of interparticle hops. But insufficient internal surface area of these 1D nanostructure arrays limits the power conversion efficiency at a relatively low level owing to deficient dye loading and light harvesting [12] [13] [14] . 2D ZnO nanostructures have also been studied for DSSCs applications on account of the fact that they also have a large specific surface area. 2 D nanosheets can be regarded as a new class of nanostructured materials due to their high anisotropy and nanometer-scale thickness, possessing interesting properties [15] [16] [17] . DSSCs constructed using nanosheets films of upright-standing ZnO exhibit a very high conversion efficiency of 3.9% [18] .
Dye-sensitized solar cells usually have an electrolyte (redox system) to regenerate the dye by electron donation to its ground state after excitation. The composition of a stable and efficient electrolyte also remains as one of the key challenges for practical applications. The problem is closely related to the solvent evaporation and leakage of the electrolyte, which directly affect the stability and long-term operation of the cell. In this regard, efforts have been made to replace the liquid electrolyte with materials such as molten salts, inorganic p-type semiconductors, ionic conducting polymers, and organic hole transport materials [19, 20] . Polymers are also being used as the structure-directing agent to control the nucleation, growth, and alignment of crystals [21] . Beta-substituted porphyrins are considered in this paper as a sensitizer since they are cheaper than the commonly used ruthenium bipyridyl complexes. The structure of beta-substituted porphyrins is given in Figure 1 . The photophysical study revealed that these nanorings exhibit weakly coupled chromophores and longer fluorescent lifetimes, which is an apparent advantage in the process of efficient excited energy transfer.
In this study, the photoanode of the DSSCs was fabricated shown in Figure 2 , using 2 D ZnO NS sensitized with betasubstituted porphyrins dye, and its ability to convert solar energy to electrical energy in solid-state DSSCs was studied with TiO 2 NTs modified PEO solid-state polymer electrolytes. Since low-dimensional ZnO nanostructures have exclusive and favorable properties they are considered more suitable for applications in solar energy conversion assemblies.
Experimental Details

Chemical Reagents.
Chemical reagents such as zinc acetate, zinc nitrate hexahydrate, sodium hydroxide and oxalic acid, TiO 2 were purchased from Merck. Poly (ethylene oxide) was purchased from Aldrich. Beta substituted porphyrins was received from Alfa aesar, and all the rest of the chemicals used in this work were of analytical grade.
Preparation of ZnO Nanostructures.
The ZnO nanoparticles were prepared by the following procedure. Typically, 0.1 M zinc acetate was mixed with 0.1 M aqueous solution of oxalic acid, and allowed to stir for about 12 h. The white precipitates obtained thus were filtered and washed with acetone and distilled water to remove impurities and dried in a vacuum oven at 120
• C for 6 h in order to remove water molecules. The ZnO nanoparticles were then calcinated over a temperature of 400-450
• C in a muffle furnace in order to remove CO and CO 2 from the compound. The ZnO NSs were prepared by the following procedure. Briefly, 3 g of Zn(NO 3 ) 2 ·6H 2 O and 1.6 g of NaOH were dissolved separately in 80 mL of double distilled water. The zinc nitrate solution was added dropwise into the NaOH solution to form white slurry. The white slurry formed thus was kept at 80
• C on a hotplate for 6 h without stirring. The resultant white precipitate was isolated through centrifugation at 5000 rpm and repeatedly washed with double distilled water and ethanol several times. Finally the precipitate was vacuum dried at 60
• C for 12 h and the resultant powder was used for further studies. 2 Nanotubes Modified PEO Polymer Electrolyte. The TiO 2 NTs were prepared based on a hydrothermal method as described in the literature [22] . Briefly, 1 g of TiO 2 nanopowder (P25, Degussa) was mixed with 42.5 mL of an aqueous solution of 10 M NaOH. The resultant dispersion was heated for 72 h at 150
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• C in a Teflon lined autoclave. After cooling to room temperature, the TiO 2 NTs were separated by filtration and washed with deionized double distilled water. Subsequently, the TiO 2 NTs were immersed in 0.1 M HCl solution for 3 h, followed by washing with deionized double distilled water several times until the pH of the solution reached neutral value. After drying at 80
• C in an oven, pure TNTs were obtained. The TiO 2 NTs modified PEO polymer electrolyte was prepared according to the reported procedure with slight modification [23] . The prepared TiO 2 NTs (0.0383 g) were dispersed in 50 mL of acetonitrile containing I − /I 3 − redox couple (0.1 g KI and 0.019 g I 2 ). Then, 0.264 g of PEO (MW 1,000,000) was slowly introduced into the above mixture at constant stirring, and the stirring continued further for 24 h at ambient temperature. Finally, the electrolyte was placed in the vacuum oven to evaporate the solvent until giving a viscous paste.
Characterization Studies.
Diffused reflectance spectra of ZnO NPs and ZnO NSs were obtained using an Agilent 8453 diode array UV-Vis spectrophotometer fitted with Labsphere diffused reflectance spectra accessory. X-ray diffraction (XRD) pattern of the samples was recorded on a Bruker AXS D8 Advance X-ray diffractometer with CuKα radiation (λ = 1.5404Å). High-resolution scanning electron microscopic (HRSEM) images were obtained using FEI Quanta FEG200 High-resolution scanning electron microscope. Oriel class-A solar simulator (M-91195A, Newport) employing ozone-free 450 W xenon lamp was used as a light source. A computercontrolled Autolab PGSTAT302N electrochemical workstation was employed for current-voltage measurements.
Fabrication and Evaluation of DSSC Performance.
The prepared ZnO NSs (2 g) were ground in a porcelain mortar with 0.7 mL of double distilled water containing 67 μL of acetylacetone (in order to prevent reaggregation of particles). After getting a viscous paste, it was diluted by slow addition of 2.7 mL of double distilled water under continuous grinding followed by the addition of 30 μL of Triton X-100. The photoanode was fabricated by applying the paste on the conducting surface of FTO electrode using doctor blade technique [24] . The film was kept at 400
• C in a muffle furnace for 5 min. and the same procedure was repeated three times in order to obtain a thick film (∼10 μm). The film was dried and sintered at 450
• C in the muffle furnace for 30 minutes and later allowed to cool to 80
• C. The dye adsorption process was carried out by soaking the hot film (80 • C) in a solution containing 0.5 mM beta substituted porphyrins in ethanol and keeping overnight at ambient temperature. The dye adsorbed electrode was withdrawn from the solution under a stream of N 2 gas, and the dye-adsorbed photoanode was immediately wetted with the polymer electrolyte. A platinum counter electrode was prepared on a 2.2 mm thick FTO conducting glass (Pilkington, TEC7, sheet resistance ∼6-8 Ω/ ) using 7 mM H 2 PtCl 6 ·6H 2 O solution in 2-propanol, where Pt 4+ ions were reduced thermally at 400
• C. Finally, the platinum-coated counter electrode was placed on the polymer electrolyte wetted side of the photoanode to form a sandwiched DSSC. The similar procedure was followed to fabricate DSSC containing photoanode made of ZnO NPs. The performance of the DSSCs was evaluated by assessing the photocurrent density-photovoltage (I-V ) parameters under simulated solar radiation of 100 mW cm −2 . The fill factor (FF) and the overall efficiency (η) of the DSSCs were calculated by applying the following generalized equations:
where V max and I max are, respectively, the voltage and current at the maximum power delivering point. Correspondingly, V oc and I sc are the open circuit voltage and short circuit current, respectively, delivered by the cell, and P in is the incident power intensity (100 mW cm −2 ) from solar simulator.
Results and Discussion
Spectral Characterizations.
The observed UV-Vis absorption spectra of ZnO NPs and ZnO NSs are shown in Figure 3 . The absorption spectra of ZnO NSs are similar to ZnO NPs, with maximum absorption at around 358 nm (3.46 eV) [25] . It is also observable that the intensity of the maximum absorption of the ZnO nanosheets is less than that of ZnO nanoparticles. Both ZnO nanoparticles and ZnO nanosheets show strong absorbance in the ultraviolet region close to the visible light region of the solar spectrum. The absorption and transmittance spectrum of the betasubstituted porphyrins dye sensitizer is given in Figure 4 . It indicates that the photosensitizer has strong absorbance from 500 to 700 nm with the maximum absorbance at 635 nm and more than 60% of the incident light is being absorbed in the entire wavelength range of 555-670 nm by 5 × 10 −4 M betasubstituted porphyrins. This beta-substituted porphyrin can be used as a photosensitizer in DSSCs. This idea is derived from the broad intense absorption in the visible region of the solar pectrum. 
Photoluminescence Spectra of ZnO Nanostructures.
Photoluminescence is directly related to electronic structure and transitions. Differences in the electronic behavior between bulk and low-dimensional semiconductors arise due to the difference in the electronic density of states. Photoluminescence spectra and their intensity dependencies can allow one to determine the band gap energy and/or the wavelength of maximum gain, to determine the composition of ternary or quaternary layers, to determine impurity levels and to investigate recombination mechanisms [26] . It is generally known that the room temperature PL spectra for ZnO usually show three major peaks; a UV peak around 380 nm, a green emission peak around 520 nm, and a red or orange emission around 600 nm. The UV peak is attributed to band-edge emission, while the two broad visible bands are generally attributed to deep-level defects in ZnO crystal such as vacancies and interstitials of zinc and oxygen [27, 28] . The ZnO NPs and NSs have an intense UV emission peak and a weak broad visible emission (Figures 5(a) and 5(b) ). In Figure 5 (b) an intense peak at 390 nm for ZnO NSs in DMF is noticed which may be due to the presence of large amount of oxygen vacancies created during the synthesis in the atmosphere of deficient oxygen.
The PL spectra of pure ZnO NSs with substituted porphyrins dye and ZnO NS are given in Figures 6(a) and 6(b) . We notice that the UV emission peak at 3.25 eV (380 nm) is present both in ZnO NSs and dye-incorporated sample; the intensity of the UV emission peak is less intense. The dyeincorporated sample shows that an intense defect-related emission peak at 2.48 eV (500 nm) indicates that there is a great fraction of oxygen vacancies. A higher surface area to volume ratio for thinner nanosheets will favor a higher level of surface and subsurface oxygen vacancy [29] . The sharp and intense UV emission, the weak emission related to ionized oxygen vacancies, and the absence of the well-known stronger and broader emission in the yellow band illustrates the good crystallization quality and high stoichiometric nature of the obtained products [30] . 
X-Ray Diffraction Analysis.
All the diffraction peaks observed in the XRD patterns of the ZnO NPs and ZnO NSs (Figures 7(a) and 7(b) ) can be indexed to those of wurtzite-(hexagonal-) structured ZnO (space group P63mc) with cell parameters a = 3.249Å and c = 5.206Å, which is in good agreement with the data obtained from JCPD file no. 79-0206 from the orientation attachment theory proposed by Penn and Banfield [31, 32] and Xu et al. [33] . No characteristic peaks of other impurities are detected in the pattern, suggesting that single-phase ZnO only formed in this method. In general, ZnO exhibits (002)-preferred orientation (facets) with the c-axis perpendicular to the substrate due to the lower surface free energy for the (002) plane consequently, (002)-oriented ZnO films have been widely studied [34] . Recently, many theoretical and experimental studies concerning other crystalline planes such as (110)-and (100)-faceted ZnO films have also been carried out by many researchers. It is found that different crystalline orientations possess different electronic [35] , optical [36] , and acoustic [37, 38] properties. The XRD patterns well agree with those reported in the literature [39, 40] . The intensity of the (101) planes is observed to be much stronger than (002) and (100) plane in the ZnO NSs. The intensity of the XRD pattern of ZnO NSs is slightly lower than that of ZnO NPs. But it is noticed that the intensity of (002) is almost equal to that of (100) peak. ZnO NPs, and the photocurrents of the DSSC ZnO NSs are also remarkably less than those of ZnO NPs. Higher photocurrent with ZnO NSs photoanode suggests that NSs have better contact with the electrolyte, which give easy transfer of electrons between the electrodes. Significantly, higher photocurrents observed in TiO 2 NTs modified PEO electrolyte based DSSCs could be attributed to higher electrical conductivity of the electrolyte.
SEM Analysis of ZnO
From Table 1 , it can be inferred that all photovoltaic parameters of solid-state DSSCs based on TiO 2 NTs modified PEO electrolyte are higher than those of cells based on unmodified PEO electrolyte. There is almost 2-fold increment in the fill factor of the TiO 2 NTs modified PEO based DSSCs compared to that of the unmodified one for both ZNO NPs and ZnO NS. The increase in the fill factor could be due to the reduction in the crystallinity of the electrolyte thereby increasing the ionic conductivity of the PEO polymer electrolyte, which is attributed to the presence of TiO 2 NTs [23] , subsequently leading to the increase in photovoltaic performance of the DSSCs. From Table 1 , it can also be inferred that the short circuit photocurrent density (J sc is expected to enhance the J sc [19, 33, 41, 42] . The efficiency of the ZnO NS based solid-state DSSC is low when compared with conventional ZnO NS based DSSCs [43] . This is mainly due to the nature of photosensitizer used and heterogeneous electrolyte employed in the present investigation.
The stability and reproducibility of photocurrent generation concerned with ZnO NPs and ZnO NS based DSSCs were studied through chronoamperometry and the results are shown in Figure 10 . The photocurrent-time (I-T) profiles differ between them in agreement with their I-V characteristics. Variations in the solar energy to electrical energy conversion efficiencies found between them can be attributed to the differences in the morphology and conductivity of polymer electrolytes. The ZnO NS electrode exhibits 1.6-fold higher steady-state photocurrent than that of the ZnO NPs electrode. It implies that the nanosheets based photoanode has the capability transfering more photocurrent than the nanoparticles based one. As far as the electrolyte is concerned, TiO 2 NTs modified PEO electrolyte based DSSCs exhibit 4-fold increment in the photocurrent generation when compared to that of unmodified PEO electrolyte based DSSC. This is attributed to the incorporation of TiO 2 NTs in PEO, which facilitate charge transfer. In the ZnO NPs electrode based DSSCs, as soon as the light is turned on, the photocurrent rises quickly to a maximum value. When the light is turned off, sudden fall in photocurrent appears before equilibrium is reached in the dark. It is because the photogenerated electrons are trapped under illumination, recombining with holes, and detrapped in the dark.
Summary
TiO 2 NTs modified PEO electrolyte based solid-state DSSCs were fabricated using ZnO NPs and ZnO NSs photoanode in the presence of beta-substituted porphyrins sensitizer 8 Journal of Nanomaterials and their photovoltaic performance was evaluated under AM1.5G simulated solar irradiation. The efficiency of the ZnO NSs based DSSCs was better than that of the ZnO NPs based one. This is due to the rapid diffusion of electrons within the nanosheets. Incorporation of the TiO 2 NTs fillers in PEO electrolyte further enhanced the performance of the DSSCs, which is due to the increase in conductivity and reduction in crystallinity of the PEO electrolyte. In the present study, the efficiency of the ZnO NSs based solidstate DSSCs with beta-substituted porphyrins sensitizer is lower than that of ZnO NSs based DSSCs employing liquid electrolyte. By employing an efficient dye sensitizer, the performance of the solid-state DSSCs can match with the DSSCs having liquid electrolytes.
